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ABSTRACT

Damage which occurred to the hollow-jet valve outlet works stilling'basin
at the Navajo Dam was duplicated in a 1:12 scale model. Severe abrasion
damage in the upstream portion of the prototype basin prcobably occurred
during several months' operation at approximately 30% velve opening under
245 £t of head. Abrasion in the downstream epd probably occurred during -
operation with 100% valve opening and about 280 .ft of head. -Model tests . .
indicated the original hollow-jet valve basin, with converging wedges and .
a center dividing wall, could not be improved in efficiency of energy dis-

sipation and stability. This design, however, permitted the development of =

areas of intense turbulence, with accompanying circulation.of abrasive ma-
terials. Also, the center wall was subjJected to fluctuating pressures
which could result in structural damage due to vibration. The basin was
modified by eliminating the center wall and wedges, reducing the allowable
maximum discharge, and paving rart of the downstreamchannel. The paving
is necessary to prevent streambed materisal from entering the modified
gtilling basin. Tests on the original configuration under various opera-
ting conditions, on 7 proposed modifications, and on the recommended design
are described. An appendix reviews damages reported in other similar
stilling basins.,

Y DESCRIPTORS ~ = researgh and development/ *outlet w0rks/ *model tests/ water
pressures/ hydraulic models/ piezometers/ pressure measuring equip/ edergy
dissipation/ riprap/ velocity distribution/ hydraulic jumps/ hydraulics/
hydraulic structures/ erosion/ high pressure valves/ hollow jJet valves/

- #5t111ing basins/ rigid <linings/ vave action/ vortices/ *damages/ abraS1on/3
scour/ concrete structures

- 1DENTIFIERS<- Navajo Dam,” N Mex/ New Mexicof Colorado River. Storage ProJf
‘ de51gn modificatious R . o E &
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& HYDRAULIC MODEL STUDIES OF THE
'/ 'MODIFIED OUTLET WORKS STILLING BASIN
NAVAJO DAM, COLORADO RIVER STORAGE PROJECT
' - NEW MEXICO ,

- PURPOSE -

‘These studies were conducted to-investigate the causes of damage to
the existing prototype stilling basin and to determine necessary B

‘modifications to the basin to insure against continued damage during
future operation. . . C : o

o CONCLUSIONS -

1. The model confirmed that damage to the prototype stilling basin
‘was caused by circulation of abrasive material which moved into the
‘basin from the downstream channel. The severe damage in the up-.

" stream portion of the basin probably occurred at.a discharge of ap- -
. proximately 1,840 cfs {cubic feet per .second) with reservoir.eleva- . . .
. -tion 5965 (about 245 feet of head on the valves). Both valves were
“about 30 percent open. ‘Damage to the downstréam portion of the’
. horizontal basin floor probably occurred;with both valves 100 percent.
. open at approximate reservoir-elevation!6000, ‘Discharge was about -
' 3',.9:40“01‘3_ B . .\‘3:\-' - S Y ‘ ’

2. The original design of the/stilling basin, *with converging wedges
-and.center dividing wall, could not be improved upon with respect to
“efficiency in-energy dissipation.and:stability of turbulent action in,

the basin. However, the high efficiency of the basin resulted in" % -

- areas-of intense turbulence which made the basin more susceptible; -

. - to damage by the circulation;of abrasive materials." The studies \\ o

*- .alsoindicated that at.a discharge of 3, 840 cfs, the: frequency of e B

.- pressure fluctuations matched the natural frequency of the prototype
wall. :Resonance of the wall would result in moments’ at the base of L

.- the wall severalitimes greater than those used in‘the. design. = . |




3. The model showed that the prototype outlet works could be
operated at a discharge of 1, 000 cfs for reservoir elevations '
below approximately 6000 without causing additional damage to
the stilling basin. Periodic inspections by divers during: 0pera—
tion under these cond1tlons supported this f1nd1ng

4, Several modifications to the original design were: tested to .
. develop a stilling basin which would allow sustained operation of
‘the outlet works without additional damage to the basin. The con-
‘verging wedges were removed to eliminate confined areas of intense
. turbulence. A 2-1/2:1 chute was installed'at the upstream end of
the basin to induce lateral spreadmg of the jets in order to maintain
a high bottom velocity and sweep material from the basin floor.
The center wall was removed with the stipulation that the outlet

- works should not be operated witn only one valve open. A 12-inch
layer of concrete was added to'the inner surfaces of the outside
walls and basin floor.to repair the damaged areas and provide
add1t10na1 strength i

5. The model showed that abrasion damage could occur in the
modified basin, even though this tendency was reduced. Also, the
possibility remalned that channel material might enter the basin

=, dur1ng low discharges. Therefore, the downstream channel was

. paved for a distance of about 140 feet and a rock trap was provided
- between the paved area and the st1111ng basin.

6. The maximum outlet works dlscharge was reduced to 3,200 cfs.
Discharges above this amount caused the stilling action to extend
beyOnd the;end of the basin with resulting large waves in the down- -
‘stream ch.mnel The 3,200—cfs discharge, in combination with opera-
tlon of the\aumhary outlet works and: the 30~-inch bypass valve, will '
:prov1de the\requlred outlet capac1ty
=‘-'-'i". ‘Balanced o\peratmn of both valves is necessary for satlsfactory
- stilling basin. flow conditions because of the absence of a center
d1v1d1ng wall, If’an emergéncy requires operation of one valve
_alone, strong surging and rapid upstream flow in the nonoperatlng -
.side can be expected. ‘ . : : c

w0

1 ‘1':. -8. "The Nava;,o outlet works stilling basin problem was an individual .
: case and ‘the modifications developed herein apply only to that problem.
 The hollow -jet valve stilling basin is a relatively short basin whose
" high eff1c1ency as an energy dissipator depends:on the turbulent eddies

. within the basin. If loose material reaches these eddies, severe”

' 7: erosive damage to the basin will occur. These studies confirmed
: that the: standard hollow-jet valve stilling basin will-operate. satis-
-ifactorily/if adequate precautlons are-taken-to keep the basin free of
> ‘foreign. material.” Also, evidence now exists. that the center wall
must be. de51gned to w1thstand dynam1c 1oad1ng

Fay
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INTRODUCTION

Navajo Dam is located on the San Juan River about 39 miles east of
Farmington in northwestern New Mexico, Figure 1. The dam, which is
a feature of the Colorado River Storage Project, is an earthfill struc-
ture approximately 3, 650 feet long at the crest and 388 feet high above .
the riverbed. The hydrauhc features consist of an uncontrolled over-
flow spillway in the right abutment of the dam, an auxiliary outlet works
which passes under the spillway and discharges into the spillway stilling
basin, an outlet works controlled by two 72-inch hollow-jet valves, and
a bypass from the outlet works conduit which is controlled by a 30- inch
hollow-jet:valve and discharges through the spillway basin left wall into
the spillway basin, F1gures 2, .3, and 4. :

Although the outlet works st1ll1ng basm, F1gure 5, was des1gned accord-
ing to the guldelmes for hollow-jet valve basing presented in Engineering -
Monograph/No. 25, 1/ the stilling basin departed from the standard de-

sign becausge it also served as a stilling basin for diversion flows during

. construction -of the dam. The recommended basin was 8 feet longer,

0.29 feet wider, and 3 feet deeper than required according to Engineer-

ing Monograph No..25. The 6:1 sloping concrete apron downstream from

'the dentaied end 5111 was included to prov1de a transition from the ‘hori-

zontal floor of the stilling basin to the riprapped river.channel. ‘Details

of. the design were developed throughithe use of-a 1:24 scale hydraulic -
21 in 1957 and 1958.2/ Specific attention'in the earlier tests was .

n i the excessive basin depth:and length but the model indicated that ~

operation would be satisfactory. at the outlet works design discharge of
-4, 580 cfs through both valves at the maximum reservoir elevation 6101.6.

‘Model tests of other hollow -jet valve stilling basins had demonstrated the -

-1 /“Hydrauhc Des1gn of St1111ng Basins and Energy Dissipators." by A, J.
Peterka, Engineering Monograph No. 25, Revised Edition 1964, ‘
. 2/"Hydraulic Model Studies of Navajo Dam Diversion and Outlet Works .
‘Structure,’’ by G. L. Beichley, Report No. Hyd-457, August 15, 1980, -




acceptability of the design; therefore, most of the study was con-
cerned with development of the diversion basin and a comparatively
short time was devoted to study of the outlet works basin. At that
time, there was no evidence that large amounts of abrasive mate-
rial might enter the basin. Also, the presence of hydrodynamic
forces which might cause vibration and accompanying structural
damage to the center wall was not foreseen.

The operatlonal hlstory of the prototype outlet works is . shown in
Figure 6. The outlet works was operated for the first time in

July 1963. Operation was almost entirely with one valve about 10 to
20 percent open until January 1964, The reservoir varied between
elevations 5930 and 5940 during this time. (The centerline eleva-
tion on the upstream side of the valves is about 5720.) With this
'small gate opening the jet probably did not penetrate the pool and no
abrasion damage occurred, although sand and gravel might have
moved into the basin from: the downstream channel during this period.

. The outlet works was shut down in January 1964 and remained closed

- until May 1, 1964, when one valve was opened to 17 percent. This
operation contmued to May 22, and the reservoir rose from eleva-
tion 5939 to elevation 5952 (219 to 232 feet of total head). Probably
no jet penetration of the pool occurred for this operation.

B
i

Between May 23 'and June 10, both valves were operated at equal open-
ings up to 25 percent. The reservoir rose from elevation 5952 to ele-
vation 5965 (245 feet of head), Some ]et nenetrnt ‘an.probably occurred.
Operation then began with gate openings betwr én 30 and 40 percent and
continued until August 3, 1864. The reservwr dropped from eleva-
‘tion 5965 to elevation 5947 {227 feet of head) in this period. The model
studies subsequently showed that this operation resulted in very strong
turbulence in the upstream portion of the basin and violent vortices
along the down’stream faces of the convergmg wedges. Gravel placed
“in.the model basm circulated violently in the upstream portion of the
.-basm.

‘The outlet Works continued to operate at gate openmgs between 8 and

. 35 percent until August 16. 'On August 21-24, engineers R. B. :Dexter
‘and C. E. Brockway, from the Hydraulics Branch, conducted tests to
calibrate the hollow-jet valves. During these tests golf-ball-size gravel
was observed circulating in the turbulence and was at times thrown above
the water surface. Also, some abrasion damage was noted on the walls
~near-'the waterline, The appearance of small gravel near the surface
indicated the possible presence of larger. mater1a1 on the floor of the

~ basin.

The valve: opernings were: limited to. less than 10- percent into December
of 1964}. and the-reservoir: dropped.from elevation 5953 to elevation 5944
(233 to 224 feet) The valve® openmgs were 1ncreased through the 1atter




part of December and the early part:of January to a maximum of about
35 percent-on January 14, 1965 Symmetrical operation at 35 percent
valve openings continued to February 1, 1963, when the outlet works
was shut down. The reservoir dropped from elevation.5940 (220 feet)
to elevation.5915 (195 feet) duririg operation at 35 percent valve open-
‘ings. The‘outlet works was operated for a few hours at 21 percent
~ 'valve opening on April 16-and for less than an.hour on.April 22 and 23,
- On April 25 the basin was mSpected by divers and soundmgs for the
first time, '

Severe erosion up to 5 feet deep was disclosed in the floor and through -
two layers of reinforcement steel in the walls. Reinforcing bars were. -
‘exposed, broken, and bent. ‘A cofferdam was built downstream from
the basin, the basin was unwatered, and a complete inspection was made .
on May 3, 1965. The damage shown in Figure 7 was described in the
Travel Report of the Head, Sp111ways and Outlet Works Section:

"The damage was even more extensive than reported by the
divers with erosion exposing reinforcement over half the
height of the center wall. Erosion had extended through the
top layer of reinforcement at the 30° slopes just downstream
of the hollow-jet valves and loose cobbles were trapped behind
the reinforcement at the upper end-of these slopes. These
_cohbles were deposited by the turbulent flows in the basin-and
indicate that gravel and cobbles in the basin caused the exten—
: swe erosmn damage : :

' "'F‘he most severe damage occurred in the left side of the .
basin at the upstream end of the floor and center wall. Two
layers of No. 11 bars at 6-inch spacing in the wall were
broken and bent .dow'nstre.em along with No. 9 and No. 8 .
bars at 6-in%h spacing‘in the top of the floor slab. The hor-
izontal floor bars at the base of the wall had loosened suffi-
ciently to allow flow of water from one side of the wall to the
other. On the right side of the center wall the No. 11 bars
were exposed and loosened but-not removed. It appeared -
‘that, many of the bars could be salvaged:-by bending back into
position. Some new bars need to be spliced and welded to.
the existing bars, About 70 cubic yards of new concretie
will be needed to replace the eroded concrete in the floor
and walls upstream from the downstream end of the center

~wall, ‘A few bars were exposed in tne dentated s111 and

' should be repalred

-"The area just downstream of the basin was, riprapped with
- rounded ‘boulders, cobbles, and gravel rather than angular
" ‘rock. ‘A comparison of the construction:photographs with
: ..'.."the unwatered basin 1ndlcated con51derab1e movement in the




riprap with a small slide on the right side near the down- .
‘stream corner of the concrete basin, It also appeared
that small rock and gravel had been removed from the
larger boulders. These two sources account for the ma-
~terial. that was found in the basm and caused the severe
erosion. :
‘Temporary repairs were made to the stilling basin in May of 1965, _
The original basin outline was restored by bonding new concrete to‘the -
damaged areas with epoxy. Intermittent outlet works operatmn was.
resumed on May 24 and continued until June 3 at valve openings be- -
tween 16:and 75 percent; the reservoir varied from elevation 5975
(255 feet) to elevation 5980 (260 feet) during this period. On June 3,
“the valve openings were increased to 100 percent and the outlet works
‘operated intermittently, usually 100 percent open, through-July 10,
1965 ‘(see Figure 6). The longest period of sustained operation at
100 percent valve opening was 5 days. The reservoir rose to eleva- |
tion 6002 (282 feet of head) between June 3 and July 10. Figure B

o 'shows representatlve flow conditions dur1ng this period.

'On July 3 a diver examlnatmn of the main outlet st1111ng basm revealed

extensive erosion in the downstream end of the basm from the end of
‘the center wall to the dentated sill. ;

'Relnfor.cement bars were bent-across the basin and:-two large rocks

. were found wedged in the dentates. The divers removed about’10 gal-
“ . lons. of material up to 8 inches in diameter. -Some’ scattered debrls _

“in the area of the bent up bars could- not be removed.

 Erosion was observed to a maximum- depth of 1. 2 feet at a. point 25 feet
‘downstream from the’ center wall and 5:feet from the outside wall, An
“area about 20 feet long and 20 feet wide“was eroded from 0. 75 foot to
+.1.2 feet' deep in a floor slab thicknéss of 4 feet.. The upper end of the
right. chute was; eroded about 3 1nches and re1nforeement in a small

gy area was- expOsed

" On. July 10 ‘another diver exammatlon of the stilling’ basm wais made _

~ The report described. grooves" which had developed along the bottom .
: - on both sides of the center wall. The grooves were estimated to be

.3 inches:/deep and.2-inches high extendlng from the upper end of the

" horizontal floor to the downstream end of the wall, “The downstream
* end of the. wall was undercut 2 to 3 feet and some of the draintile had

. ‘been.removed. The contraction joint in the center walkl had’ opened up
~one-half inch: at the top and a.vertical ¢rack had started 6. inches up-
stream: of the joint, -{Subsequent inspection showed that the center
wall damage was not as: extenswe as the d1ver exammatlon 1nd1cated Y




Further OpézjratiOn of the outlet works was suspended and it.was
decided to deterniine necessary permanent repairs to the stilling
basin, with the aid of a hydraulic model.

- The damage which occurred at Navajo Dam and at other locations

- revealed the need for some basic investigations in the movement of
abrasive material-in hollow-jet valve stilling basins and the distri-
bution and analys1s of hydrodynamic forces occurring on various
parts of the structures, particularly the center dividing walls,
Studies of a 1:12 scale model of the Navajo outlet works stilling
‘basin were undertaken to determine necessary modifications to the ./~
original design and to gain 1n51ght into the operatlon of st.llhng
basms of this type.

TEST FACILITIES AND EQUIPMENT

The 1:12 model included a short section of circular conduit upstream
from the hollow-jet valves, the valyes, the chute and stilling basin,
and approximately 150 feet of the-downstream channel, Figure g,
Water was supplied to the model by a centrifugal pump; discharges
were measured with pérmanently installed Venturi meters. Pressure
heads on the valves were measured at pressure taps located one-valve
diameter upstream from the valves. The pressure taps were con-
nected to open-tube mercury manometers. Instantaneous dynamic

. pressures were measured throughout the structure with pressure
~transducers connected to a Sanborn direct-writing recorder. Veloc-
ities at the downstream end of the stilling basin were measured with
a miniature propeller meter and accompanying electronic counter.
“Tailwater elevations were determined with a hook gage in a stilling
well and the appropriate tailwater level from Figure 10 was con-
trolled by a tilting gate at the downstream end of the model. Dis-

¥ charges wWere set according to data from inplace calibration of the

' prototype valves. :

% The original model configuration duplicated the existing prototype
stilling basin. The downstream channel was formed in sand to allow
observation of the scour pattern produced. by various outlet works

" .discharges and tailwater elevations. Modifications to the or1g1na1
configuration are explained in the” followmg section.

]

' THE INVESTIGATION

Tests on the Or1g1na1 Ccm_ggratlon

“Te sts performed on the original stﬂhng basin conflguratlon were
primarily concerned with attempts to duplicate significant prototype
dlscharges, partlcularly those wh.lch were believed to have caused
damage E , o




Both valves 8 percent open, @ = 500 cfs, reservoir elevation 5950
{(f1 = 230 feet). -~The prototype outlet works operated for approxi-
mately 4 months between 5 and 10 percent valve cpening with the
reservoir near elevation 5950, To represent this condition, the
model was operated with both valves 8 percent open, with a dis-
charge of 500 cfs. Two tailwater elevations were tested. At
" normal tailwater elevation 5713.7, the jets did not penetrate into
. the pool but rose immediately to the surface, resulting in an'un-
dulating water surface in the stilling basin and very weak wave
action in the downstream channel. When the tailwater elevation -
" was lowered to 5711. 0 flow conditions were essentially identical
to those just described. It was concluded that this operation was
not capable of damaging the structure. ‘ :

‘Both valves 17 percent open, @ = 960 cfs, reservoir elevation 5945
{H = 225 feet). ~-The prototype outlet works had operated with this
combination of head and valve opening for about 2 weeks. - At tail-
water elevation 5719, 0, the jets only slightly penetrated the pool
and a high boil prevailed near the point where the jet entered the
'pool, Disturbance of the basin water surface was less than that
with an 8 percent valve opening. Lightweight aggregate placed in

. the basin moved upstream between the wedges; normal density
aggregate remained stationary on the basin floor.

With a normal tailwater elevation of 5714.0, the jets penetrated to
just below the tops of the converging wedges. A high boil rose
immediately above the downstream end of the wedges and there
was slightly more surface disturbance than for tailwater eleva-.
tion 5719.0. Wave action in the downstream channel was minor.

- Movement of aggregate in the basin was as described in the pre- '
ceding paragraph. o ' Lo : e

: At tailwater elevétion 5711.0, J’Jche‘- jets Jpenetrated.a_pproximately
. ‘two-thirds of the pool depth. The high boil formed 10 to 15 feet

- . downstream from the downstream end of the wedges. Water sur-

face roughness was similar to that described above and wave action
* in the downstream channel was again minor. Normal aggregate
remained stationary on the basin floor. Lightweight aggregate
mnved upstream between the wedges and was suspended and cir-

cusated in the. turbulence, : o

‘Minor abrasion might have occurred in the prototype stilling basin’
during this operation due to circulation of sand. The relatively
_short period of operation, however, probably did not result-in any
significant damage.. ' : d :




‘Both valves 32 percent open, Q =.1, 840 cfs, reservoir elevation 5965
{H = 245 feet). --The prototype outlet works operated under these =
approximate conditions for a period of nearly 2 months. The reser-- .
voir dropped from elevation 5966 to elevation 5947 during this time.
Three tailwater conditions were tested in the model. At tailwater
‘elevation 5718.5 most of the turbulence was confined to the up-
stream portion of the basin and aggregate circulated in.the turbu-
' lence. Normal density material moved along the chute and light-
weight.material was suspended in the flow. Weak vortices formed
along “he downstream face of the wedge next to the plexiglas window
and it was assumed that similar vortices formed on the-wedge next
to the center wall. A high surface boil formed 10 to 15 feet down-
stream from the end of the wedges. Some splashing above the out-
side walls of the basin was noted and moderate wave action occurred
in the downstream channel, | ' '

At tailwater elevation 5714.4, Figure 11, most of the turbulence,
as evidenced by the movement of entrained air, occurred along the
center wall. Sand and lightweight aggregate were suspended in the
flow and normal aggregate circulated on the basin floor.. Weak .
vortices were again noted along the downstream face of the outside
wedge and, in general, the flow along the face was upward. The
surface boil occurred along the center wall for a length of about
25 feet, beginning at the end of the wedges. High splashes or
plumes, which represented a height of about 15 to 20 feet in the
prototype, were noted. Infrequent splashing over the outside
basin walls and moderate wave action in the downsiream channel
were Observed., ' S

At tailwater elevation 5711.0, the model end sill controlled the
depth of water in the stilling basin. The turbulence occurred
‘along the center wall to within about 20 feet of the downstream

" end of the wall. Material circulated on the floor and sand and.

- lightweight aggregate were suspended in the flow. Weak vortices

formed on the downstream face of the outside wedge and there

was frequent-downward flow along the upper portion of the face.

The surface boil formed along the center wall and 15- to 20-foot-
“ high plumes were again noted. There was very infrequent splash-
‘ing:over the outside walls and moderate wave action occurred in

. the downstream channel, o ' ' : : '

"I‘he‘te'sts described above: gave sufficient indication of possible .
damaging conditions to warrant a more carefully controlled test -
.- of the circulation. of abrasive material and resulitant damage. '

. Enamel paint was applied tothe stilling basin walls and floor,
_-including:the chute, wedges, ‘and center wall-as shown in Figure 9.
The paint dried to a'hard. finish which: chipped when subjected to.

~ ‘theimpact of gravel circulating in the turbulence of the stilling. .

'~ basin, 'Material placed in the basin ranged in size from pea gravel '




to 3-inch rounded rock, Figure 12A. The model was operated
- for 4 hours {about 14 hours prototype time) at a dlsc:harge of
1, 840 cfs, -both valves 32 percent open, reservoir elevation 5965,
tailwater elevation 5714.4. Sand, apparently drawn into the
basin from the downstream channel, was observed circulating
on the top surface of the wedges. During the test the movement
- of the gravel in the stilling basin was audlble

" Heavy abrasmn damage occurred on the downstream face of the
right inside wedge and on the right side of the center wall, Fig- -
ure 13. :Less damage occurred on the left side of the center wall.
Heaviest floor damage occurred in the left bay. There was no
apparent damage to the dentated end sill; however, slight erosion

- accurred on the floor about 15 feet upstream from the end sill.

A slightly higher jet velocity or lower tailwater might have resulted
in damage farther downstream. Most of the material, including

a large amount of sand, Figure 12B, was found deposited in the

left bay and a sandbar was formed around the downstream end of
the center wall, ‘Figure 13. Small piles of sand were deposited
immediately upstream of the individual dentlls of the dentated end
sill. :

" Damage to the model stilling basin was very similar to.that which
occurred in the prototype basin, with the exception that the right
bay was most heavily damaged in the model while the left bay was
most heavily damaged in the prototype. Also, the larges: amount
of material deposited in the model basin was in the bay opposite'to

" that in which the heaviest damage occurred. * The material appar-

' ently circulated in the right bay, then moved to the left bay where

. it circulated for a relatively short period of time before the model .
was shut down. A s1m11ar situation probably existed in the
'prototype. ' B -

Deep erosion oceurred in the sand channel 1mmed1ate1y downstream
. from the stilling basin, Figure 11, which indicated high bottom.
~velocities at the st1111ng basin exit. The upward slope of'the down-
. stream channel bottorn probably also had some effect on the erosmn '
-pattern : : .

. Both valves 100: p2rcent open, @ =3, 940 cfs, . reservoir elevation 6000

" "{H = Z80 feet). --The prototype outlet works operated infermittently -

_-with these approximate conditions for about 30 days during June and -
S July of 19635, after temporary repa1rs to the st1111ng basm were made

- in-the. spring of 1965. : . .

- ',-'-,Three tallwater conditions were tested in the model At tallweter
. elevation 57215, -the position. of the toe of the hydraulic jump
. ﬂu__c_t_uated on the chute, with the. high point near the bottom of t__he
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valves. Turbulence occupied the full length of the basin to the
dentated-end sill. The surface boil occurred primarily zlong

the center wall and there was frequent splashing over the out-
side walls. Plumes as high as 10 to 15 feet were noted.

Moderate wave action occurred in the downstream channel.
Gravel placed in the basin circulated on the.floor near the down-
stream end of the center wall. Moderately strong vortices were
noted along the downstream face of the right outside wedge.

At tai_lwater elevation 5715. 3, the top of the center wall was exposed
‘to view and the jump profile was relatively steep, Figure 14. The
jets turned upward from the floor at a point 20 to 30 feet down-
stream from the end of the center wall. Surface turbulence and

* foam extended beyond the basin into the downstream channel.
Material circulated very rapidly on the basin floor between the

end of the center wall and the dentated end sill, Moderate vortex
action occurred on the right outside wedge and flow was generally
downward along the downstream face of the wedge. Moderate to
strong wave action existed in the downstream channel.

At tailwater elevation 5712.5, the upper 6 to 8 feet of the center
wall was exposed and the jump profile was very steep. The jets
remained on the basin floor beyond the viewing window, probably
to the dentated end sill. Circulating material was not visible but
could be heard downstream from the viewing window. Surface tur-
bulence extended into the downstream channel and strong wave
action existed. Vortices formed along the downstream face of the
right outside wedge and flow was downward along the face.

"Enamel paint was reapplied to the stllhng basin and material rang-
ing in size from pea gravel to a maximum size of about one-half inch
- was placed in the basin. Lightweight aggregate of pea gravel size
‘was also included. Larger sizes were considered to be nonrepre-
sentative because of the previous repair and cleaning of the proto-
type basin and the downstream channel. '

‘The model was 0perated for 4. hours at @ = 3, 940 cfs, both valves
100 percent open, reservoir elevation 6000, tailwater eleva-

tion 5715.3. The test resulted in minor damage to the basin floor
between the end of the center wall and the end sill, Figure 15,

' corresponding to the damaged area in the prototype basin., Dam-
age to the end sill could not be determined because some of the
paint had peeled. It appeared that a large portion of the aggregate
.added during operation had been swept from the basin and sand had
been pulled into the basin, Figures 14 and 15. Material was depos~-
ited evervwhere on the horizontal floor but the largest amount was
deposited between the end of the center wall and the end sill, Figure
15, Sandplles were noted on the upstream S1de of the 1nd1v1dua1 dentlls




The scour pattern in the sand bed immediately downstream from
the stilling basin, Figure 15, indicated that material was being
pulled toward the basgin, and some sand entered the basin at both
downstream corners.

Pressure fluctuations on the center wall, and accompanying vibra-
iion. --Pressure and vibration data were not analyzed for discharges
OF 500 and 960 cfs because jet penetration and turbulence along the cen-
ter wall were insufficient to cause measurable variations. Measure-
ments were made at @ = 1, 840 cfs, 32 percent valve opening, and -
Q@ = 3, 940 cfs, 100 percent valve opening, for three tailwater con-
ditions as described earlier. Figure 16 shows the piezometer loca-
tions and Table 1 lists the reduced data. An accelerometer was
attached near the top downstream corner of the right face of the
center wall. The pressure measuring equipment included one trans-
ducer which was capable of measuring true differential pressure
between two piezometers. This transducer was installed to meas-
ure the differential pressure between Piezometers C17 and C18,
...Only gage pressure (above atmospheric) was measured at Plezorn-
eters C5, C6, Cl11, C15, and C16.""The remaining pi€zomeiers :
were in areas of relatively low turbulence and were not used. The
number of available recording channels did not allow simultaneous
~measurements at all plezometers

For @ = 1, 840 cfs, thr* maximum differential pressures occurred
on the upstream portion of the center wall, This also corresponded
to the location of the maximum turbulence intensity according to the
flow appearance. The vibration records were only qualitative, be-
cause the center:-wall was not modeled with respect to rigidity, and
no attempt was made to calibrate the accelerometer. An important
observation was that the frequency of vibration was essentially equal
to-the frequency of the fluctuation in differential pressure at Piezom-
eters C17 and C18. :

For @ = 3, 940 cfs, the pressures were more evenly distributed along
the center wall, which was also evidenced by the appearance of the
turbulence. Slightly higher pressures occurred in the center sec-
tion of the wall and there was a wider range in the frequency of pres-
sure fluctuations along the wall, as compared to those recorded for
1, 840 cfs. Also, there was not a well-defined agreement between
the pressure frequency and the vibration frequency, though both
were of the same order of magmtude

An analyms by the Technical Engineering Aralysis Branch showed
.. that, in general, the frequency of pressure fluctuations matched the
“natural frequency of the prototype center wall, The analysis also
showed that resonance of the wall would result in moments at the
base of the wall several times greater than those used in the design.




Both valves 51 percent open, Q = 3 200 cfs, reservoir eleva-

tion 6101.6 (H = 332 feet), tailwater elevation 5715.0.--The: model of
the original configuration was also subjected to flows corresponding
‘to operation at maximum reservoir elevation for a period of 4 hours.
The stilling basin water surface was essentially level, with surges
rising about 5 feet above the downstream end of the center wall. The
.surface boil was fairly evenly distributed from the end of the center
wall to the downstream end of the basin, Figure 17." Wave heights.in .
the downstream channel were about 1-1/2 feet from trough to crest.
Moderate swirling occurred along the downstream face- of the right
outside wedge. Several pieces of coarse gravel placed in the basin
were observed to circulate throughout the turbulence. . :

Scour in the downstream channel was localized at the end of the still-
~-ing basin, Figure 17. Some material was washed down the slopes on’
the outside of the basin walls. Only a few pieces of coarse sand were
pulled. into the horizontal portion of the stilling basin. The deposits
-of fine sand on the sloping apron and near the dentated end sill were
apparently the result of sloughing of the channel banks during drain- .
age of the model.

Both valves 100 percent open, Q = 4, 7120 cfs, reservoir eleva-

tion 6101, 6 (H = 382 feet), tailwater elevation 5715.5. --The model
was operated for 4 hours under these conditions, which represent the
maximum operating conditions for the outlet works. The jets re-
‘mained on the floor through the horizontal portion of the basin and

- occasionally turned upward near the downstream end of the viewing
'section., The water surface was essentially level and varied in height
from near the top of the center wall to about 5 to 8 feet below the top
of the wall. -An intermittent boil rose near the downstream end of-the
center wall and.a constant boil existed in the downstream portion of
‘the basin, Figure 18, - The downstream boil was fairly well distrib-.
‘uted across the basin and varied from5 to 8 feét in height, with a
‘maximum height about 8 feet below the top of the out51de walls. Some
of the boil spilled over the slopmg side walls at the downstream end

- of the basin.

Although about one-half handful of coarse sand and several pieces of
~coarse gravel had been placed on the sloping apron in:the downstream
portion of the basin before the test, no material could be seen circu- -

-lating near.the viewing window. There was moderate swirling along
the downstream face of the right outside wedge. Waves in tlie down-

~ _stream channel were about 2 feet-high.” Scour in the downstream
-channel was again limited to the area immediately downstream from
the basin, Figure 18, and there -was some down-slope washing of the
channel slopes outside the basin walls. The coarse sand which was"
originally placed on the sloping apron was deposited. in the horizontal
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portion-of the basin. ‘The coarse gravel was found 1mmed1ately
upstream and immediately downstream from the dentated end Slll
and one piece was lodged between a dentll and the right wall.

Right valve 01’11}" 100 percent ope.t Q@=2,790 cfs, reservoir eleva-
tion 61071.56 (H = 382 feet), tailwater elevatlon 5714. 8. ~--Limited -
observations were made for one-valve operation, Figure 19, which
would be allowed only under emergency conditions when one valve
was inoperative. Pressures on the center wall.were not recorded,
but there was no doubt.that the combination of. low tailwater and
furbulence on one side of the wall and high static tailwater on the
other side of the wall would cause severe loading conditions. Also,
. circulation in the downstream end of the basin would pull large
amounts of sand and gravel from the downstream channel into the
nonoperatmg side of the basin.

Maximum permissible d1scharge for operation vnth negligible jet -
penetration. - -During the mode] investigation, it became necessary
1o operate the prototype outlet works to control the rising reservoir.
It was desirable to operate the outlet works at the highest discharge
which would not cause additional damage to the stilling.basin. The
_reservoir was at approximately elevation 6000 at this'time. A series
of model tests were made to determine the. opt1mum dlscharge for
prototype operation.

A total discharge of 1,200 cfs, tailwater elevation 5714.1, resulted
in jet penetration nearly to the bottom of the wedge slots in the model,
Figure 20A, but no vortices formed along the wedge faces., Light-
weight aggregate circulated slowly in the upstream portion of the
basin,. moving downstream on the surface and upstream near the
bottom. Some pieces of aggregate were observed on the upper sur-
faces of the wedges. Spray overtopped the basin side walls, but flow
" into the downstream channel was calm. With a total discharge of
i 1,000.cfs, tailwater elevation 5714.0. Figure 20B, jet penetration
/- was greatly reduced with only occasional pockets of turbulence mov-
" ing through the wedge slots. Other conditions were essentially the
‘same as with the 1, 200-cfs discharge. Raising the tailwater eleva-
tion to 5716.0 further reduced the jet penetration, Figure 20C. Op-
eration at reservoir elevation 5960 was very similar, Figure 20D.
The 1, 000-cfs d13charge=wa5 considered acceptable for prototype
‘operation, which is shown in Figure 20E. Inspection of the proto- .
type stilling basin subSequent to this operatlon revealed no additional
damage. .

Sﬁmmary of Results of Tests- on the-Original‘ Configuration

Tests on the or1g1na1 st1111ng basin configuratici 1nd1cated that abrasmn
damage to the prototype st1111ng basin occurred durlng the dlscharge




of 1, 840 cfs, 32 percent valve opening, reservoir elevation 5965.

The model also showed that operation at 3, 940 cfs, 100 percent valve
opening, reservoir elevation 6000 caused additional abrasion damage
and could have resulted in structural damage to the center dividing
wall, The tests left no doubt that the model gave an adequate repre-
sentation of the prototype performance and could be used to develop
appropriate modifications, :

First Modification, Wedges Removed, Center Wall Retained

Tests on the original configuration revealed that the most severe dam-
age occurred to the prototype stilling basin during operation at.a dis-
charge of approximately 1, 840 cfs, 32 percent valve opening, reser- -
voir elevation 5985. The severe turbulence at the downstream end of
the converging wedges caused violent circulation of abrasive material
in the upstream portion of the basin and damage to the concrete sur-
facas. Therefore, the converging wedges were removed from the
model and the center wall was extended upstream to the chute floor.

The model was operated at @ = 1, 840 cfs, F1gure 21A, and, in general
flow conditions were not as good as those observed with the wedges in
place. Jet penetration was inadequate as evidenced by the very rough
water surface in the basin and strong wave action in the downstream
channel. Abrasive material added to the basin circulated slowly on
the chute floor beneath the jets. Pressure fluctuations on the center
wall were recorded with the tailwater at elevation 5714.4. The mag-
~nitude, frequency, and pattern of the pressure fluctuations, Table 2,
‘were very similar to those observed for the original configuration,
The vibration frequency was also similar, although a good compari-
son could not be made because of the reduced st1ffness of the wall
when the wedges were removed.

With the valves 100 percent open '@ = 3,940 cfs, reservoir e1eva~
tion 6000, Figure 21B, the jets turned upward from the basin floor
approximately 25 to 30 feet upstream from the corresponding point
observed with the original configuration. . A high boil formed near -
‘the downstream end of the center wall and at times overtopped the
~side walls (elevation 5728). - Abrasive material circulated violently

in the turbulence and on the chute floor beneath the jets. Wave action
in the downstream channel was moderate., The resulting scour pat-
tern on the channel bottom indicated a high downstream bottom veloc-
ity similar to that observed in the original configuration for 32 percent
valve opening. It was also noted that the abrasive material circulated
‘higher in the flow than it had with the wedges in place. Pressure '
fluctuations and vibrations on the center wall for tailwater eleva-

- tion 5715.3, Table 2, were again very 51m11ar to those recorded W1th
.the wedges in place :
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Second Modification, Center Wall Removed, Wedges Retained

Operation with the second modification was very similar to that with .
the center wall, except that the major turbulence due to jet expansion
occurred along the outside walls., At 32 percent valve opening, Fig-
ure 22A, there were also noticedble surface boils along each outside
wall, At Q = 3, 940 cfs, Figure 22B, flow conditions were very simi-
lar to those in the original configuration. The discharge was in-
creased to its maximum value to determine the acceptability of
operation without the center wall, For Q = 4, 720 cfs, 100 percent
valve opening, reservoir elevation 6101, 6, tailwater elevation 5715. 3,
Figure 22C, basin flow conditions were acceptable; however, the
surface boil moved farther into the downstream channel. Only
moderate transverse (perpendicular to the mean flow) surging was
noted, and most of this occurred near the downstream end of the
basin. With the tailwater at elevation 3722.0, Figure 22D, basin
“flow conditions were much rougher; high longitudinal surges over-
‘topped the side walls and carried into the dowustreqm channel and
transverse surging was more notlceable i
I
With 2, 790 cfs discharging through the left valve 100 percent opei
(right valve closed), reservoir elevation 6101. 6, tailwater eleva-
tion 5714.8, Figure 22E, moderate transverse surging was observed.
A surface boil formed along the left wall and spread to the right.
Large amounts of riverbed material were drawn into the stilling
basin, At tailwater elevation 5721.5, Figure 22F, basin flow con-
ditions were very rough, particularly at the exit to the downstream
channel. High surges frequently overtopped the outside walls.

Pressure fluctuations were recorded on the left outside wall, Table 3.
~ (Piezometer locations are shown in Figure 23. } The pressure distri-
bution was generally similar to that recorded in earlier fests on the
center wall, except for the presence of subatmospheric pressures.
The subatmospheric pressures were probably due to the waier sur-
face surges which caused momentary high velocities along the wall
-and should not cause concern with regard to cavitation. - However,

‘the magnitude of the fluctuations must be considered in designing

the walls. The fluctuations were greatly increased during one-valve
operation, which emphasizes the need for avoiding this type of opera~-
tion. The subatmospheric pressures were minimum values; average”
values were at all tlmes above atmospheric.

'Thlrd Modlflca’aon, Wedges and Center Wall Removed 3 1 Chute

i The or1g1na1 slope without the wedges and center wall was not tested

“-because the first modification indicated that an area of intense tur-
“bulence would continue to exist near the chute. The relatlvely flat
" chute- of the third modification caused the jets to remain on the floor




throughout the horizontal portion of the stilling basin. At the max-
imum discharge of 4, 720 cfs, Figure 24A, a large surface boil
formed at the downstream end of the stilling basin. Flow conditions
inside the stilling basin were quite good. One-valve operation at
2,790 cfs, Figure 24B, resulted in very rough surface flow condi-
tions at the downstream end of the basin; however, flow conditions
within the basin were tolerable. Circulation of coarse sand which
originated in the downstream channel was apparent. Operation

at Q@ = 1, 840 cfs, Figure 25A, was acceptable. However, at

Q =3, 940 cfs, Figure 25B, the surface boil extended 1nto the down-
stream channel.

Pressures on the left outside wall were measured for several rep-
resentative discharges, gate openings, and reservoir elevations,
Table 4. A wider fluctuation of pressures was measured with this
modification than with the second modification because the walls
were more directly exposed to the turbulence of the hydraulic jump.

A solid 5111 was. 1nstalled midway between the bottom of the chute

and the dentated end sill, in an attempt to turn the jet upward from

the floor and reduce the surface turbulenice at the downstream end

of the basin. This sill, however, intercepted too much of the bottom

flow and caused a high boil immediately above the sill which frequently
- overtopped the side walls. The sill-was replaced by a series of

baffle piers at the same location. Operatlon with the piers was sat-

isfactory; however, exposure of the piers to high flow velocities and

possible cavitation damage in this area of the basin floor would
__.probably preclude their inclusion-in: the prototype.

o

.Fourth Modlflcatmn, 3:1 Chute with Center Wall

Operation with the center wall included showed some improvement
.over operation with the center wall removed. For Q = 1, 840 cfs,
Figure 26A, flow conditions in the upstream portion of the basin
" were somewhat more stable. At Q = 3, 940 cfs, Figure 26B, the
boil at the downstream end of the basin was less pronounced. At
‘the maximum discharge of 4, 720 cfs, the hydraulic jump appeared
10 be more stable, the veloc1ty along the basin floor was less, and
the surface boil at the downstream end of the basin was smaller.
‘However, intermittent longitudinal surging occurred and sometimes
‘resulted in a low water surface on one side of the center wall with a
high water surface on the other side. o

Subatmospherlc_mmlmum .pressures occurred along the center wall,
‘Table 5, with wide fluctuations between maximum and minimum
pressures; the wide fluctuations were probably due to the direct
exposure of the center wall tothe turbulence of the hydraulic jump.
The center wall was less rigidly supported than when the wedges




were in place and displayed resonant vibration. However, the stiff-
ness of the model wall did not simulate the prototype wall and there-
fore would not necessarily be e: cpected to represent the behavior of
the prototype wall.

Fifth Modification, 2-1/2:1 Chute with Extended Center Wall

A 2-1/2:1 chute was instalied and the center wall extended through
the horizontal portion.of the basin to the dentated end sill. Both
valves were operated at Openmgs of 25, 50, 75, and 100 percent
under the maximum reservoir elevation 6101,5. Operation at
100 percent valve opening with a high tailwater was very rough;
- much smoother flow conditions prevailed at the low tailwater,
Figure 27. At any tailwater elevation, the surface boil extended.
beyond the downstream end of the basin for valve openings of 75 and
.. 100 percent. The-slope of the chute appeared to be satisfactory for
=, low tailwater operation and somewhat too steep for high tailwater
" operation, Rocks placed in the basin circulated violently wherever
" the turbulence was most intense. The discharge, valve opening, and
tailwater depth determined the area of the basin in Wthh the most '
mtense turbulence occurred.

' Wlil;x a reservoir elevation of 8000, 0, Figure 28, operation was much
improved and could be considered satisfactory.

Chute'blocks were installed at the botiorirof the 2~-1/2:1 chute, but

no improvement in basin flow conditions was noted. The center wall
extension was removed with the result that flow conditions in'the
downstream end of the basin appeared somewhat smoother .while
conditions. 1n the upstream portlon of the basin seemed rougher.

-Summary of Prevmus Tests

The stud1es showed that confined zones of intense turbulence imme-
- diately downstream from the converging wedges could be eliminated
by removal of the wedges. Also, turbulence could be more evenly
‘distributed in the ‘basin by installation of a 2-1/2:1 chute to induce
lateral spreading of the annular jet and to maintain a relatively high
velocity along the floor of the S'tl].llng basin. The mamtenance of a
high:bottom velocity would ensure a "self-cleaning" basin so that
abrasive material would not circulate. Several problems remained,
First, at discharges near the maximum, the high-bottom velocities

. resulted in surface turbulence at the downstream end of the basin.

. Bottom scour.patterns indicated that this operation would result in
channel material being pulled toward:the stilling basin or into the
basin to circulate during smaller discharges. Therefore, the

i problem of abraswe damage was allev1a1:ed but not eliminated.
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Lengthemng the basin was considered impractical because of prob-
lems in modifying the ‘artificial slopes between the outlet works
channel and the spillway channel. The second primary problem
'was that.the center wall, in spite of modifications to the originai
basin design, continued to be subJected to dynamlc forces which -
could cause structural damage. : '

D13charges above approx1mate1y 3, 200 cfs caused 'the turbulence
_ to extend beyond the end of the basin, with. resultmg large waves

. ' in the downstream channel

The decision was therefore made to hm’* the maximum outlet works
discharge to 3,200 cfs. This discharge, in combination with opera~
tion of the auxiliary outlet works and the 30-inch bypass valve, waould
provide the required outlet capacity. Additional tests were aimed =
at determining the'necessity of the center wall and providing :addi-
tional insurance aga1nst the entry of abraswe mater1a1 1nto the st111—
1ng basm _ 5 : : '

Slxth Mod1f1cat10n, 2 1 / 2:1 Chute wuhout Center Wall and w1th M1s— :
cellaneous Center WaTls .

The model was operated at a dlscharge of 3,200 cfs, reservo1r ele- .
vation 6101, 6, approximately 51 percent valve opemning, tailwater
elevation 5715.0, Figure 29, The jets moved along.the floor to near
the downstream end of the v1ew1ng section and at times turned up-
ward before reaching the bottom:of the chute.  High surface boils
occasmnally overtopped the outside walls and there was some-trans-
verse surging in the basin. The jets influenced each other and the
" mainstream of the flow always moved.along either- the right or left
side of the basin. Longltudmal surges carried through the basin mto
) . “the downstream channel, causing fairly strong, well-defined waves.
0 At tailwater elevation 5721.8, surface boils frequently overtopped
o the outside walls. The jets continued to influence each other.and
~ tarned upward before reaching the bottom of the chute. “Waves in
the downsiream channel were not as well defi’ 1ed and occurred _
-‘.-randomly L - - I o e
A 60- foot long, 40 foot- hlgh 6 foot 8 1nch w1de center wall was E S
1nsta11ed.- Basin.operation was ‘certainly no better, and’ p0551b1y R o
worse, ‘than that observed without the center wall,” With the wall
terminated 12 feetrupstream from the bottom.of the chute, basin
“flow conditions wére improved, but a moderate surface boil ex1sted
‘at the downstream end of the basin for tailwater elevation 5715.0 o
o At Yailwater elevation 5721, 8, flow condltlons were similar to those ' ;, ‘
2 ‘with the longer wall. ‘At the maximum dlscharge of 4,720 cfs, both ~ {:- -
. high-and-low tailwafer conditions, the jump profile was relatively i
" ‘flat and the: turbulence near the downstream end of the basm was .

' 'qulte promment
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A 12~ foot -high, 4-foot-wide center wall, the same length as the
original center wall, increased the stability of the basin flow by
maintaining separation of the jets. :

Seventh Modification, 2-1/2:1 Chute without Center Wall, Valves
Tipped Additional 3°

The valves were tipped an additional 3° downward to determine the
effect of increased impingement on the chute, Operation, Figure 30,
was similar to that with a 3:1 chute; jet penetration and bottom veloc-
ity increased and a high boil formed at the ‘downstream end of the,
channel. The jets moved from one side of the basin to the other, as
demonstrated in the two right side views in Figure 30,

With dlscharges for which the turbulence was confined to the still-
ing basin, the scour pattern in the downstream channel indicated a
relatively uniform velocity at the downstream end of the bas1n Fig-
ure 30, However, under these conditions the basin was not ''self-
cleaning." With higher bottom velocities material was swept from
“the basin but the surface turbulence at the end of the basin resulted
in material being pulled toward the basin or into the downstream por-
‘tion of the basin, thus making this material available for circulation
during lower discharges, There appeared to be no solution to this
anomaly. It was decided to (1) retain the valves in their original
position,  (2) limit the outlet works maximum discharge to 3, 200 cfs,
as decided earlier, (3) remove the. center wall, (4} eliminate the -
converging wedges and install a stéel-lined:2-1/2:1 chute, (5) add
a 1-foot thickness of new concrete to the basin floor and walls for
repair and additional strength, and (6) reshape and pave the down-
stream channel for a distance of about 140 feet downstream from the
basin to minimize the availability of abrasive materlal This arrange-
‘ment is shown in Figures 31, 32, and 33. :

‘Recommended Design, Wedges and Cenier Wall Removed, Concrete
- Added to Basin Floor and WaIIs,- Improve(TDownstream Channel

Several tests were performed on the recommended design o verify
its a_.cceptabﬂ_lty. The tests included observation of/flow conditions
in the basin and in the downstream channel, recordmg of pressures
on the channel paving .near the end of the basin; development of a.
rock trap near the end of the basin, movement of rocks and sand in
the basin and downstream channel, -observation of abrasion caused
by circulation of rocks and sand in the basin, and recordmg of pres-
sures on the left wall of the stilling basin. The performance of the
trecommended design was evaluated primarily with test discharges
of 3,200, 2,500, .2, 000, and 1,500 cfs at reservoir elevation 6085
and‘normal tailwater. Ele_vation---a_085 is the highest reservoir pos--
sible without operation of:the spillway. Observations were also made




for the maximum discharges of 4,720 and 2, 790 cfs, both normal
and maximum tailwaters, to evaluate basm performance under these
- gevere conditions. '

Flow conditions in the st1111r5g basm and downstream _channel, -~
At the maximum allowable discharge of 3, 200 cis, reservoir ele-
vation 6085, tailwater elevation 5715.0, Figure 33, flow condi-"
tions in-the st1111ng basin were somewhat rougher then before the"
downstream paving was installed; however, they were still accept- =
able. Turbulence at the downstream end of the basin was confined:
to the surface most of the time. - Occasional downstream surges -
‘were noted along the bottom_at the downstream end of the-basin.'

Although not an expected operating condition, the maximum dis-
charge capacity of 4, 720 cfs was observed with the maximum
reservoir elevation of 6101, 6 and tailwater elevations 5715.5
and 5722.0, Figure 34. At the lower tailwater, turbulence was
distributed throughout the basin and surface turbulence extended
“well into the downstream channel. At the higher tailwater ele-
vation,  conditions in the stilling basin were more unstable and
strong longitudinal surges carried downstream. A pronounced o
surface boil occurred above the downstream end of the basin.-
However, wave action in the downstream channel was weaker
- than w1th the lower ta11water

At a d1scharge of 2 500 cfs, reservoir elevatlon 6085, . ta11water
elevation 5714. 6, Flgure 35A, the jet velocity along the chute was
less and the jets turned upward shortly after entering the horizon-
~tal portion of the basin. "The surface velocity was relatively high
-at the downstream end of the basin and moderate waves occurred
~in‘the downstream channel

'..At a d1scharge of 2,000 cfs, reservmr elevatlon 6085 tallwater .
. - :elevation.5714.4, Flgure 35B, the jets turned upward before reach- . .
.- . ing the end of the chute. A pronounced surface boil occurred.above
the end of the chute which resulted in longitudinal surges which
.carried into the downstream charmel and caused moderate waves.

_ .For 1, 500 efs, reservoir: elevatmn 6085 ta11water elevatmn 5714 3'

Flgure 36, the surface boil above the end of the chute increased :in
"size and some- splashmg oceurred over the outside-walls. Surface
~conditions in the dovsmctream channel were somewhat smoother than
for the h1gher dlscharges. SRR W

Operatlon of the 1eft valve alone, 100 percent open, at a dlscharge '
_-of 2, ’?90 cis, resnrvmr elevatlon 6101 6 tallwater e1evat1on 5714.8,




Figure 37, resulted in expected very rough flow conditions and
strong upstream flow along the right side of’the basin. Surface
turbulence extended into the downstream channel and caused
strong wave action. Unsymmetrical operation of the outlets
should be avoided.

‘Development of a rock trap at the downstream end of the still-
Ing basin. --The.design of the downstream paving originally in-
cluded an 18-inch step on the downstream side of the solid end
sill at the end of the stilling basin. Tests showed that the step
allowed some rocks and sand to move into the stilling basin,
Figure 38A. The material was placed on the paving=hefore oper-
ation of the model. The depth of the trap was increased to 3 feet
at the end sill, Figure 38B. The floor of the trap sloped upward
to intersect the paving 20 feet downstream from the end sill. No
material moved into the basin during operation, Figure 38C;
therefore, the larger trap was recommended for the final design.

Pressures on the floor of the paving. --Pressure fluctuations on
‘the paving floor were measured in the vicinity of the rock trap
on the stilling basin centerline to determine the possible occur-
rence of damaging dynamic forces. Pressures recorded with
‘electronic transducers showed a maximum fluctuation of 2.5 feet
of water at a point approximately 20 feet downstream from the
stilling basin for a discharge of 3, 200 cfs, tailwater eleva-

tion 5715.0. For Q = 4,720 cfs, tailwater elevation 5715.5, the
‘maximum pressure fluctuation at the same point was 3.5 feet.
At tailwater elevation 5722.0, the maximum fluctuation was

2.5 feet.. Pressures and piezometer locations are shown in

- Figure 39. The pressure fluctuations were too small to cause

_structural damage to the paving. - '

" “Velocity distribution at the downstream end of the stilling basin. --
‘“Velocities at the downstream end of the stilling basin (Station 24+00
on Figure 32) were measured with-a miniature propeller meter for

© ‘the full range of expected operating conditions and also for max-
. imum capacity.conditions. In general, these measurements

. révealed areas-of instability and frequent upstream currents ad-
' jacent to'the stilling basin walls and channel floors, Figure 40.

- The.presence of sand and rock in many prototype stilling basins

- was-explained by these data and the need for rock traps at the

- ends.of'the basins was supported. - The sand erosion patterns

. noted earlier in this.report were also explained by the velocity

. 'data, ‘At high discharges, surface velocities were high and

- velocities generally decreased with depth. "Surface turbulence

. resulted in bottom-currents which circulated the bottom mate-—
.“rial with little or no overall downstream movement. At lesser




. /j
discharges, velocities were more evenly dlstrlbuted over the
_cross section, bottom velocities were higher, and bed material
moved downstream. Velocities were not measured at the down- - -
stream end of the paved area. However, the length of the pavmg
and the 18-inch offset at the end of the paving (see Figure 31)
minimized the poss1b111ty of material entermg the paved area at

this pomt

Material movement and abrasion tests --Sand and gravel placed

on the downstream paving moved toward the rock trap during

. operation of the outlet works. The extent.of movement depended
upon the magnitude of the discharge and the length of time of
.operation. Sand moved to the trap first. Sand and gravel in the
‘trap exhibited a tendency to move away from the center of the

' trap towards the downstream corners of the stilling basin. The

‘model indicated that no material would enter the stilling basin
unless the rock trap became full.

Material was placed in the stilling basin to compare its movement
~and abrasion with those of the original design. The surfaces of
the basin were again painted with enamel which dried to.a hard
finish. The model was operated for approximately 4 hours {about
14 hours prototype time) at a discharge of 3, 200 cfs, reservoir
elevation 6085, tailwater elevation 5715.0. One handful of pea .
gravel and one handful of angular gravel were placed in the basin
prior to operation. During operation, the material could be heard
striking the walls of the basin. After the test, most of the mate-
 rial was found in the rock trap at the downstream end of the basm,
~ but several pieces of the angular gravel remained in the basin.
. Abrasion was evidenced" throughout the horizontal floor of the
basin, .on the basin walls t0'a maximum height of about 25 feet,
“-and on the lower portion of the chute, There were no concentrated
areas of extensive abrasion. After 5-1/2 hours operation (about -
19 hours prototype) at Q = 2,500 cfs, reservoir elevation 6085,
‘tailwater elevation 5714. 6, abrasion was limited primarily to.
© the upstream portion of the basin, Figure 41. All material re-
- mained in the basin, and a large portion of it was found on the
~ chute. Heaviest abrasion occurred at the: intersection of the
chute and floor and llghter abrasion occurred approximately
60, feet. up the:chute and 60 feet along the basin floor and walls,

,Slm11ar abrasion. occurred after a 4-hour test at Q = 2,000 cfs,
reservoir elevation 6085, tailwater elevation 5714.4. Heaviest
- damage again occurred at the intersection of the chute and baSm
floor, but over a: smaller area than for 2, 500 cfs

‘;.Operatlon at 1 500 cfs, ‘reservoir elevatmn 6085 tailwater eleva-
“ition 57143, resulted in minor abrasion to the ‘basin walls adjacent
'jtd t_he chute All mater1al collected near the bottom of the. r-hute




Pressures on the left wall. -—-Magnitudés and frequencies of pres-
sures on the left wall of the stilling basin are shown in Table 6.
Piezometer locations are shown in Figure 42,

. Data were recorded for discharges of 4, 720 3,200, 2 500, 2,000,
and 1,500 cfs with several reservoir heads and ta11water elevations.

- For the maximum discharge of 4, 720 cfs, tailwater elevation5715.5,
the maximum pressure and maximum fluctuation in pressure oc-
curred about 25 feet (prototype) downstream from the intersection
of the chute and the horizontal floor. For all other discharges and
tailwaters, the maximum pressures and fluctuations occurred up—
stream from the bottom of the chute.

Comparisons between these pressures and those measured with
a 3:1 sloping chute (third modification, Table 4} can be made
only for the maximum discharge capacity of 4, 720 cfs. ' The dis-
tributions of pressures are generally similar. ‘Variations are
noted in the values of the maximum and minimum peaks but no
specific trends can be observed.

Pressures on the chute. --Figures 43 and 44 illustrate the magni-
tude of pressures on the recommended chute for discharges of
3,200 and 4, 720 cfs. The measurements showed a wide fluctua-
“tion in the pressures due to impact of the hollow jets. The magni-
" tude and frequency of fluctuations indicate the need for careful
attachment of the protective steel lining. The slight subatmos-
. pheric minimums at Piezometer 3 are not unusual but are only
.momentary peaks which cannot cause cavitation damage.

APPENDIX

Review of Damage to Other Stilling Basins

Problems similar to those experlenced at Navajo- Dam have occurred
‘at other: pro;ects in the recent past. _ [

.. R. H. Berryh1113/ described -damage which occurred to the outlet
 works stilling bdsin for Texarkana Dam, Texas, in 1957. The
outlet works. consists of two 20-foot-diameter conduits which dis-
- charge into a hydraulic jump-stilling basin. The basin includes
“two rows of baffles and an end sill.. The flow'is separated by a -
.thin, .35-foot-high concrete center wall. The maximum flow passed
by the outlet works was 24, 000 cfs, to May 1963 (the time of writing
of Berryhill’s paper). Sometime during 1957, the downstream
24 feet of the center wall failed at the base of the wall and fell to
-one side. "The failure of the wall was apparently caused by inade-
quate bond at ‘the coustructlon 3o1nt near the base of the wall and by

.3/ "Experience With Prototype Energy D1551pators " R. H. Berryhill,
...~ Paper 3521, Proceedmg_ ASCE Journal of the Hydrauhcs D1v151on
. May 1963. T .




the fatigue failure of the vertical reinforcing bars. The basin also
exhibited erosion, particularly at the baffle blocks, which was appar-
ently caused by circulation of boulders found afterwards in the basin.
_.Operating personnel felt that the boulders had been pushed over the
walls of the basgin by fishermen and sightseers. S

Berryhill also described damage to the outlet works basin for .
Belton Dam, Texas. This basin is also -the hydraulic-jump type,
with two rows of baffles and a solid end sill. "“The maximum dis- =
charge to May 1963 was 12, 800 cfs. In the fall of 1960, the basin = -
was unwatered and some of the baffle blocks were found to be eroded
sufficiently to expose the reinforcing steel. Substantial erosion

was noted throughout the basin floor. About 295 cubic yards of sand,
sravel, and large rocks were found in the basin and.the riprap in
the exit channel had been displaced. The abrasion damage was
attributed to the circulation of the large rocks. Many of the rocks
were believed to have beén thrown into.the basin'by visitors. The
possibility that some of the material might have originated in the
exit channel was also raised. The basin was cleaned and repaired,
the displaced riprap was replaced, and a chain link fence was:in-
stalled at the training walls. = ' '

In a discussion of Berryhill's paper, W. E. Wagner and M. A.-
Jabara, 4/ described abrasion damage ohserved in the spillway and
ontlet works basin at Anderson Ranch . Dam, Idaho. Examination
showed a:large deposit of rocks and coarse sand in the basin which
was believed to have come from the excavation slopes along each
side of the spillway. The reinforcing steel in the chute blocks was
exposed and the upstream two-thirds of the basin floor was roughened.
The damage was repaired with epoxy mortars. _ :

‘Wagner and Jabara also described the operation of the outlet works
-stilling basin for Glendo Dam, Wyoming. The basin includes large
chute blocks and baffle piers, as determined from hydraulic model
studies, In -April 1958 the outlet works was operated at 25 percent
of:the capacity of 10, 000 cis. An audible periodic thump was. noted
in the stilling basin and vibrations were felt in the basin and power-
‘plant walls. Skindiver inspection of the flow surfaces showed evi-
- ‘dence- of cavitation damage immediately downstream from the gates.

" .-and on the sides of the center chute block.in:-the extreme left bay.

Operation continued for several months, then the basin was.un--

watered: and inspected. Severe cavitation damage was noted on the .

- .sides of the center chute block in each bay, along the flared walls,
and in the bottom portion of the stoplog grooves. -

“The baffle piers were undamaged and the concrete in the wall between
‘the outlet.works basin and the powerplant taiirace showed no damage

‘4fPrbceérﬂngs:6f ASCE, Journal of the Hydraulics Division,
,january'l-s_ﬁ.{_r R ST R
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from the violent vibration. The chute blocks, baffle piers, flared
walls, and stoplog grooves were modified with the aid of hydraulic
model studies. The thumping and vibration have continued during
subsequent prototype operation, but no cavitation damage has
occurred. '

In August 1963, the hollow - Jet valve st1111ng basin at Trinity Dam,
California, was unwatered and inspected. The- outlet works con-
sists of two 84-inch hollow+jet valves with a maximum discharge
capacity of about 8, 600 ¢fs under a maximum static head of 475 feet.
The observed damage to the stilling basin gave evidence of abrasion.
More than 100 cubic yards of gravel, cobbles, and boulders were_
found in the basin. The material had apparently entered the basin
from the outlet channel during spillway discharges the previous
‘winter. Abrasion damage to the chute and wedge surfaces was
minor. Appreciable damage occurred on the basin floor and near
the bottom of the walls. The extent of wall damage decreased with
increasing distance from the floor and the abrasion damage to the

' floor and walls increased in the downstream direction. The unlined
outlet channel also exhibited damage.

The center dividing wall of the basin failed along a horizontal con-
struction joint about 20 feet above the basin floor. The reinforcing
steel indicated that the failure was due to fatigue. The remaining
lower portion of the wall showed well-developed horizontal flexure
cracks near the bottom of the wall on both sides and a vertical crack
‘near the center. Spallmg of the concrete at the base of the wall in-
dicated c:0rnpresswe failure. No cracking was noted in the floor
slab. : . :

The abrasion damage was repalred W1th epoxy mortar and new rein-
forced concrete, -and the center wall was replaced with a thicker
wall, which included the remaining:portion of thé original wall in"

" its center. Some additional- mmor abrasmn damage has occurred -
-since the repalrs were made.

0t




‘Table'l

INSTANTANEOUS PRESSURES ON CENTER WALL (PROTOTYPE VALUES)
ORIGINAL CONFIGURATION )

Lol Dis- Valve o - 'pressures . - ‘Pressure - Vibration. .. -
' piczometer charge .opening Tailwater . Max . Min -Ave frequency.::frequency.
numbper cfs . % . clevation ft of wa.ter ‘cps - o CPS

C5 C 01,840 0 - 32 . 5718.5  53.8 24.4 36.4
ce = .. .40.0 32.5 35.8
ci1 ' . _ 39,1 33.2 36,3
ciz. . . . ' 37.9 33.4 35.8

s C157. ' . 25,4 22.2 24.1°

S c1 ' R 26.1 20.3 23.9
C17 & C18% . - : 2.6 --2 3 0.4 -

e
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G o = DL

A

t.a»h-taﬁtn’ﬂlt;h#

c5 ' S 0B . 51. 4 16 6 31.0
C6 : ' S : . 37.6. 23.2 31.3
: : R 35.8 23.2 '30.4

34.1 25.6 31.0

22,6 13.68 ‘18.8

21.4 16.5 192.1

2,9 -2,5 1,2

o0 GO b W1 A 0

O O LW

cs. S . 48,0 - 10.0: 26.8
c6 - I 46,0 19.0 - 28.0
o1t ‘ 37.6 21.8° 26.8
Cl2 a S : 31.5 22.9 28.0

e T : ©20.8 11,5 16,67
“Cl6 - - - _ 19.8 114" 16.7

oNnEOHoo

2.4 -6.9 -1.2

_c.'acam_.:a.a.::-w' [

C5 -3, o .5 43.6 '11.8 26.8

c6 . I . 37.6 .25.6- 32.8
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C15 L a R - 37.0 2..25.0

Cl6 DT e T . 735.2 .6 .25.4
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T .Cl6, St el sy e 73004 13.6.
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. ‘Piezometer 1ocat10ns on' Flgure 16 L o - : e :
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‘Table2 =~ _ SR
INSTANTANEOUS PRESSURES ON CENTHER WALL (PROTOTY PE VALUES)
'FIRST MODIFICATION, WEDGES REMOVED, CENTER WALL RETAINED

© ... . 'Dis-  Valve o " pressurcs~ Pressure "'.Vibratid'n"_-f'
- Piezometer . charge opening - Tailwater . Max  Min. Ave  freguency - frequency
. ‘pumber efs - % “glevation ft of water cps. . -cps

cs . ;840" © 32 - 5714.4 30,4 17.2 28.0 6.
c6 - oo o 316 21.8 29.3 :
cite _ _ . 31.4 273 2B.0
c1z SRR : 3004 26.2 28.0
L.C15 S _ 20,2 14,2 175
cis v 20,1 -15.5 17.9
‘C17& C18 - . : 3°1 <3.2 -0.3

PO-TO NG

BT o} JUNNNNE 3,940 100 . ~5715.3 54,4 35.2 24.4

.. CB . DR 36,4 .4 256
Y o3 § R _ : T ‘41,2 20,8 -30.4
S Cl2 S Lo . 40,0 .0 31.6
SC150 L s R "23.2 '18.4-..20.8

« . C16 e B © 26,8 "8.8 20.8
. C17T°& C18 - .. 1.2 .6 . 0.0

Wa1w-) o

Piezometer locations on _Fig-hre‘ 16.




Table 3 7

_ INSTANTANEOUS PRESSURES ON LEFT WALL (PR OTOTYPE'VALUES)
SECOND MODIFICA‘IION CENTER WALL REMOVED,’ 'WEDGES P.ETA.‘[NED .

o . Valve C . ‘Pressures ) - Pressure
Piezometer . Discharge - ‘opening . Tailwater ° Max Min =~ Ave . frequency
number . - -efs & glevation . _ . ft of water . cps
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:Tabied:__ L e
. INSTANTANEOUS PRESSURES ON LEFT WALL {PROTOTYPE VALUES)
THIRD MODIFICATION, 3:1 SLOPE. WEDGES AND CENTER WALL REMOVED
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"'L:Table 5"

INSTANTANEOUS PRESSURES ON CENTER WALL (PROTOTYPE VALTTE"-J)
FOURTH MODIFICATION 3: I"CHUTE WITH CENTER. WALL -
e o R VEJVE" i o Pressures ff_ }ressure
‘Piezometer ...Discharge - opening. - Tallwater Ma.x Min Ave . I‘x equency
_mumksr 7 cfs IR T elevatlon — it of water - cps

1C3 _ 1, 840 39 . 5714.4 ¢ 22.0. ‘13.5- e
o S 39.4 5.8 15.4
GO o S L. S .00 318 TG '17.8
L G107 T S 23.2  17.2 20,5
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INSTANTANEOUS PRESSURES ON'LEFT \VALL OF RECOMMENDED STILLING BASIN
' PROTOTYPE" VALUES Co :

‘Plezometer _ L Ave\= ' ‘;A've‘ Pre’ssure

“aumber = Max ' “Min- " Ave Ma.‘ Min ~ frequency

e

-;_Q “3, 200 cfs ‘ B g Co o A b L -_l—.7.4:= .-+19‘4,
. Reservoir elevation 6101 6 T2 '8 - 4-8.2 48,2 +17.0 .7
- Tailwater elevation'5715 _ +51.4 - i«<4.0 +20.07 +35.0;
Ve T L ‘6. +0.2 '+13.4 +21.8
L e . #3,8 - +23.0 - +29.0 -
©+15.2 +26.6 +31.4
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.. e Rl S
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L .Tallwater elevation 5721. 8 ... +52, 44,4 +30.8 +36.2-
: S R  #5,0. +21.8 +25.4
S +15.8. +33;2 +36,2

 431.6 +35.0 +36.8

.
oy Ul oo N

o oW
. -

Y

: :,‘Q.- 3, 200 efs- - .o 1 +5 -19,0  +7.4 +14.6
. “Reservoir elevation: 6085 = 2 T 432,60 -4,6 .411,0 +17.0
" Tailwater elevation 5715 * .- ...-3 *- " -+48,4 % .-4,0 +20,0 +28.0
R B T R R . : +13.4 +20.0
422.4 +32:8
+26.6 +31.4

.

wooNaN

o

Mmoo’
Do,

' Q 5,720 ofs TSRS FEERSARS £ B S . 46,2 +14.6
‘Rescrvoir, elevation 6101. G S T T - +6.8 7 +9.8
Tailwater:elevation 5715.5° = '3 = ' 8. ~13.0. +I'8.'6=:'__,+,2 9.0
R S ‘ (27 47,4512,20 0
L6::+19,4 +31.4: .
T 421.8 +26.4

< - JCRRS R
‘Mmoo oG

:Q—4'm0c$ v SRl #6704 .§‘+112‘f3@0
~Tagervoir, elevatlon 6101 6 B S 8. 414,674 26. 6
rallwater elnvatlon 5722: LT -3 0 g o+26.0..+44.6 -
s : RSP S ' S 417.0 +26.6 .
co426,67 +36.2
+31.4 +36.2 .

LR e

e
..

= - Y NN R L=

Q =2, 500 ofs. 7 el 454,20 -9.4 40,8 +25.4
.':Reservmr elevation 6085 D20t 44100 7 <508 +11.0 42006 .
ATajlwater. elevation 5714, 6 S8 . H44000 42,0 2%20,0 0 £28.0
S E TR e B g ' B S#12;27 +20.6
424,72 \\i-30 2.+
426, 6 +aﬂ 0 +2.

ﬁqﬁmdm
.. .
i~ b=

S

Q2 000.ers ¢ T T T ageie -8l2 4908 41T
Reservou- elevation 6085 - - LTk - 0 -
Ta]l\x a.ter -elevation’ 5714 4

0 =1 b tn.g> N
Fas e enti TS
o NMOoo=o

‘Plezometer locations, are shown on:Figure 42:




Ta.ble 7
METRIC EQUIVALENTS OF IMPORTANT QUANTITIES

Fearture Sl :.:Enghsh umts Metrlc umts

Dam he1ght above U ggs feet o ‘:118..meters_ e
riverbed - R . ' B
‘Dam. 1eng1:h at crest --3 650 feet o 1,113 meters
Dam volume 7 . :26 million cublc 20 million cubic’ -
: " yards .~ meters .
Slze of outlet works ~ 72-inch diameter . - '182.88 centi-
“hollow-jet valves + o S S ' meters o
Dlscharge capacity - 4,720 cfs S ':133._6 m3/sec
.., ~ofoutlet works « . . R - -
De51gn dischargefor - °3,200 cfs - :90.8 m3/sec
' ‘modified- st1111ng T L . D
“basin .. . o o g I
1\.*Ia.:vn.mum head on 3 382 feet L 116 meters -
~valves - e I S
M‘Odlfled st1]11ng . 49feet .+ - 14,94 meters
" basin: depth ST ' & S
Stlllmg basin. length .-"20_0'_feet | .. . .61 meters -
:(with sloping apron) B P o
Mod1f1ed stilling: ~ .- 35 feet 27inches 10,72 meters
basm w1dth at ﬂoor ST s

E:Note' Where approx1mate or nomma.l Enghsh units - are used to s
vexprebs -a.value the. correspondmg meiric units are also.approx- -
jmateror nominal, . Where precise English units:are used.the cor-
respondmg metnchumts are’ expressed as: equally s1gn1f1cant
values A o S % o
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Figure 8
Report Hyd-573

Discharge = 3, 900 cfs
Valve opening = 100 percent
Regervoir elevation 5038, 2
Tailwaier elevation = 5715

NAVAJO DAM OUTLET WORKS

Original Configuration
Prototype Operation




Figure 9
Report Hyd-573

Oripinal confifuration of dr wnstream channel arca.

NAVAJO DAM OUTLET WORKS
1:12 Scale Model
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Figure 12
Report Hyd-573

B. Sand pulled into basin during abrasion test.

NAVAJO DAM OUTLET WORKS
1:12 Scale Model

Original Configuration




Figure 13
Report Hyd-673

P711-D:57771

Material in stilling basin and damage after 4 hours
operation at Q of 1, 840 cfs, rescervoir clevation 5965,
both valves 32 percent open, tailwaler elevation 5714. 4.

\&
P711-0-57772

Damage in right bay of stilling basin.

NAVAJO DAM OUTLET WORKS
1:12 Scale Model

Original Configuration
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Figure 15
Report Hyd-573

P711-0-57777

Material in stilling basin after 4 hours operation
at Q of 3, 940 efs {Figure 14).

Condition of downstream channel after 4 hours
operation at Q of 3, 940 cfs (Figure 14).

NAVAJO DAM OUTLET WORKS
1:12 Scale Model

Original Configuration
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Figure 17
Report Hyd-573

-D-57779

Right-side view of stilling basin, Q =
3,200 cfs, both valves 51 percent open,
reservoir elevation 6101, 6, tailwater
elevation 5715, 0.

’ﬁg:;-uf
P711-D-577861

Condition of downstream channel after 4 hours
at Q of 3,200 cfs.

NAVAJO DAM OUTLET WORKS
1:12 Scale Model

Original Configuration




Figure 18
Report Hyd-573

P711-D-57782

Right-side view of stilling basin, Q =
4, 720 cfs, both valves 100 percent open,

reservoir elevation 6101.6, tailwater
elevatirn 53715, 5.

| P711-D-57784

Condition of downstream channetl after 4 hours
at Q of 4,72C cfs.

NAVAJO DAM OUTLET WORKS
1:12 Scale Model

Original Configuration




Figure 19
Report Hyd-573

P711-D-57785

Right -gide view of stilling basin. @ =

2, 790 cfs, right valve alonc 100 percent
open, reservoir elevation 6101.6, tailwater
elevation 5714. 8.

11-D-57786

View from near right
valve.

P711-D-57787

Tlow conditions in downstream channel.

NAVAJO DAM OUTLET WORKS
1:12 Scale Model

Original Configuration




Figure 20
Report Hyd-573

P711-0-57788 L == ' i) 1 o i :
P711-D-57797 ©

A. Right-side view of stilling basin .
Nischarge = 1, 200 cfs C. Digcharge = 1,000 ofs
Both valves open 20-1/2 percent Both valves open 17 percent
Reservoir elevation 6000 Reservoir elevation 6000
Tailwater clevation 5714, 1 Tailwater elevation 571G.0

D. Discharge = 1,000 cfs
Both valves open 18-1/2 percent
Reservolr elevation 596¢
Tailwater elevation 5716.0

i 23 2
P711-D-57789 Wl

B. Discharge = 1,000 efs
Both valves open 17 percent
Reservoir elevation 6000
Tailwater elevalion 5714.0

E. Prototype outlet works operating at @ = 1, 000 cfs,
both valves approximately 17 percent open, reser-
voir elevation approximately 5989, tailwater eleva-
tion approximately 5715. 5.

NAVAJO DAM QUTLET WORKS
1:12 Scale Model

Tests to Determine Maximum Allowable Discharge for
Operation with Negligible Jet Penetration and Compar-
ison with Prototype Operation at the Recommended
Digcharge.




Figure 21
Report Hyd-573

Right-side view of stilling basin. Q = 1, 840 cfs,

both valves 32 percent open, reservoir cleva-
tion 5965, tailwater elevation 5714, 4,

P711-D-57801

View from near right valve,
Q = 1, 840 cfs.

P711-D-57802

Right-side view of stilling basin, Q = 3, 940 cfs,
both valves 100 percent open, reservoir cleva-

tion 6000, tailwater elevalion H715.3. Bottom
turbulence is next to center wall and is not
vigible in this view,

View from near ripht valve,
Q = 3, 240 cfs,

NAVAJO DAM OUTLET WORKS
1:12 Scale Model

First Modification, Wedges Removed,
Center Wall Retained
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. “FIGURE 23 .
‘REPORT HYD-5T732
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Report Hyd-573

Figure 25




Figure 26
Report Hyd-573

$711-0-57619

A. Right-side view ol stilling basin. Q@ =
1, 840 cfs, both valves 32 percent open,
reservoir elevation 5965, tailwater ele-
vation 5714. 4,

Ripght-gide view of stilling basin. @ =
3, 840 cfs, hoth valves 100 percent open,

reservoir elevalion B00Y, tailwater ele-
vation 5715, 3,

NAVAJO DAM OUTLET WORKS
1:12 Scale Model

Fourth Mecdification, 3:1 Chute with
Center Wall
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Figure 27
Report H




P711-D-57825 .

Right! ~side view of stilling basin, Q =
3, 940 c¢fs, both valves 100 percent open,
reservoir elevation 6000, tailwater nle-
vation 67135, 3.

B :
ot
P711-D-57826 |

Flow conditions in downstream channel.

NAVAJO DAM OUTLET WORKS
1:12 Scale Model

Fifth Modification, 2-1/2:1 Chute with
Extended Center Wall

Figure 28
Report Hyd-573




Figure 29
Report Hyd-573

P711-D-8,82,

Right -side view of stilling basin, Q=
3,200 ¢fs, both valves il perceni open,
reserveir clevation 61010, 6, tailwater
elevalion 37 15,0,

P711-D-57828

Flow conditions in downstream channel
at Q ol 3,200 cfs.

P711-D-57829
Condition of downstream channel after
4 hours at Q of 3, 200 cfs.

NAVAJO DAM CUTLET WORKS
1:12 Scale Model

Sixth Modification, 2-1/2:1 Chute
without Center Wall
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Figure 33
Repart Hyd-573

Canerste
paving

P711-0-57835

Hight-side view of stilling basin. @ = 3, 200 efs,
both valves G2 percent open, reservoir eleva-
tion 6085, tailwater elevation 5715, 0,

P711-D-57836 §

Flow conditions in downstream channel,
3,200 cfs.

NAVAJO DAM OUTLET WORKS
1:12 Scale Model

Recommended Design




Figure 34
Report Hyd-573

Flow conditions in downstream channel, Q
4, 720 cfs, both valves 100 percent open, reser-
voir elevation 6101, 6, tailwater elevation 5715.5.

D AR s
| P711-D-57840

Flow conditions in downstream channel. Q =
4, 720 cfs, both valves 100 percent open, reser-
voir elevation 6101. 6, tailwater elevation 5722.0,

NAVAJO DAM QUTLET WORKS
1:12 Scale Model

Recommended Design
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Repeort 1lyd-573

P711-D-57844

Flaw conditions in downstream channel. @ =
2, 500 cfs, both valves 39 percent open. reser-
voir elevation 6085, tailwater elevatio.: 5714, 6.

P711-D-57842 |

Flow conditions in downsiream channel. Q =
2,000 cfs, both valves 30 percent open, reser-
voir elevation 6085, tailwater elevation 5714, 4,

NAVAJO DAM OUTLET WORKS
1:12 Scale Model

Recommended Design




Fijgure 36
Report Hyd-573

P711-D-57845

Right-side view of stilling basin. @ =
1, 500 cfs, both valves 22 percent open,
reservoir elovation 6085, tailwater ele-
vation 6714, 3,

P711-D-57846

Flow conditions in downstiream channel,
Q = 1,500 ¢fs,

NAVAJO DAM OUTLET WORKS
1:12 Scale Model

Recommended Design
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Figure 37
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gg Aandr,g

£LG-PAH 110day

A, Preliminary 18-inch-deep rock trap. - iy T
Photograph shows material caught in P711-D-57852 |
trap and material which entered basin

CUCIIEIOpEESL OIS 1200 c s C. Material location aiter operation at

Q of 3, 200 efs with 36~-inch rock trap.
No material was found in the basin.

NAVAJO DANM OUTLET WORKS
1:12 Scale Maodel

P711-D-57851 : el A e T : AT Recommended Design

Lccation of material on paving before
tes* with 36-inch-deep rock trap.
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Chute anr stilling basin Moor abrasion after 5-1/2
hours at @ = 2, 500 ¢fs, reserveir elevation 6085,

I
Floor and wall abrasion after 5-1/2 hours at
Q = 2,500 efs, reservoir elevation 6085,

NAVAJO DAM OUTLET WORKS
1:12 Scale Model

Recommended Design
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" International Organization for Standardization in ISO Recommendation R-31. _ o
" The metric technlcal unit of force is the kllogram-force; this is the force which, when agfuéd to & body having 2
.. mass of 1 kg, ‘gives it an accelereton of.9, 808656 m/sec/sec, the standard aeceleration

- center for sea level at 45 deq latitude,  The metric unit of force in SI units is the newton (N), which 1s defined as

2-1750 . .
Q47
Baresn of Reclamation

CONVERSION FACTORS--ERITISH TO METRIC UNITS OFI MEASUREMENT

" . 'The fellewing conversion factérs adopted by the Buresu of Reclamation are those published by the American Scciety for

sHng end rigls {(ASTM Metric Practice Guide, January 1064) except that additicnal factors (*} commonly uvsed in

Te
" the'Bureau have been added, Further discussion of definitions of quantities and uoits 1s glven on pages 10-11 of the

ASTM Metric Practice Guide, - o o
The metrlc units and converslon factors adopted by the ASTM are based on the "International System of Unlts" (designated

- 81 for Systemwe International d'Unites}, Hized by the International Committee for Welghts and Measures; thls system is

also known as the Glorgl or MESA (meter-kilogram (mass)-second-ampere) system. . Thls system has veen adopted by the

free fall towand the earthis =

that force which, when applied to a body having a mass of 1 kg, gives it an acceleration of 1 m/sec/sec. These units
must ve dtsHnguished from the {inconstant) local welght of a body having o mass of 1 kg; that is,  the weight ofa
body is that force with which a body Is attracted to the earthand 1s equal to the mass of & body multiplled by the

" . aceeleratlon due to gravity, However, because 1t 1s general practice to use "pound" rathey than the technically

‘correct term "pound-ferce,” the term "kil M (or derived mass unit) has been used in this gulde instead of "ilogram-
-foyee in expressing the conversion factors for forces. The newton unit of force will find increasing use, and 1s |
" essentlal in 5] units. ’ R . - :
| Tablel -
QUANTITIES AND UNITS OF SPACE
Multtply - ' By __ : . __Té chialn _
' ‘IENGTH :
. ) . ' : T : it
M avieid i e e aa e 2504 (emactly). .. L - L. Micron N i
Iches . .. . « v oos = = » . Sb.4f(exmctly). . . .. + - » Milllmeters i
: S e e e e . 2.54 {exactly}*. . . . . . . Centlmeters I
Feet o v v v v e i v 30,48 (exactly). .. . . . . . . Centimeters ‘ : ]
. T -.0.3048 (exactly}®. . . .. . . Meters o i
e a4 e et we 0.0003048 {exacily}* . . . . Klometers
Yards + . v ion s-e - o« - 0.9144 (exmctly) .. . . .. Meters :
Mlles (stetute), ... . % . ... 1,600.344 (exactly)* ... . . . . Meters
.......... i 1. 600344 {exmctly) . . ... . Kilometers

Square centimeters
Square centimetiers

. Square meters :

. Square meters
Hectares )
Square meters
Square dlometers

. Square kilometers

 Cublcinehes ... . . . . . . .. 16,3871. .. . Cublc centimeters
Cublcfeet .. . .. . . ... . . el . Cublc meters
Cuble yerds, . . . . 0. 784655 . .. : - Cuble meters

i CAPACITY _

“Fluld cunces (U,8,) ... . 2 Lo2RBT3T Lol - .- Cubfc centimeters -
- T, : . s o Milliliteps - .-
o .+ .Cuble decimeters
T : PRI X LY ULsters _
cQuerts (R3) . 0 . s iue : . : Cubdc centtmeters
S e e Teo . 0.046331%, e s diters - .
Gallons {8, ), .. -.s o ws Ceeae ane - -»- Cublc centimeters
L : Yo oL 878543 . i Cublc decimeters

. Liters .
Cublc meters’ .~ 2
‘vie i.w-Cublc decimeters .
s Cuble feet e e Cene e oo o Liters S
- Cuble yards Cee wiene o 0oTG4BE® [ Tt e . Liters. oo
o Tt 1,233.6% . . ¢ el ,_“.Cutgic-met_ers
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ABSTRACT Gy

Damage Hhich o::curred to the: hollow-.jet valve outlet uorks atilling bvasin
‘at_the HavaJo Dem waa duplicated in 8 1:12 scsle model.. Severe abrasgion
damage . inthe upstream portion of the prototype basin probably cecurred
_during several montha' operation at apprnximtely 30% valve opening under
_2'4-5 £t of head. Abrasion in the downstream end probably occurred during
operation with - 1008 valve opening and about 280 £t of head. Model tests
indicated the, original hollow-jet valve basin, with‘converging wedges 8nd.
8. center dividing vall, could not be improved in efficiency of energy dia-
aipa.tion and at;ability. This design, however, permitted the development of
areas of intenae turbulence, with accompanying circulation of abragive ma-

erials., Also, the center wall was subjected to fluctusting pressures
hich could result in atructural damage due to vitration. The basln was
‘modified: 135 eliminating the center ‘wall and wedgea, reducing the allowable
maximum diacharge, and paving part of the downstream channel. The paving
ia" necesaary to prevent atreambed materisl’from entering the modified
ltilling basin,  Tests on the original coofiguration under warious opers-
ting conditions, ‘an 7 proposed modifications, and on the recommended design
are deseribed. Ao appendix revieus dameges reported in other similar
stiJ_'l.ing ba.sins. . .

. ABSTRACT
bemage which occurred to the hollow-Jet valve outlet works stilling besin
--at the NavaJo Dam was dupliceted in 8.1:;12 scale model. Severe abrasion
damage in the upatream portion of the prototype basin probably occurred
" during several months' operstion at spprouimately 30% valve opening under
2h5 £t of head.. Ahrasion in the downstream end prubﬂbly pccurred during

operation with 1003; valve opening and about 280 ft of head. Model tests
‘“indicated the originel hollow-Jet velve basin, with converglog wedges and

"a’center dividing wall, could not be improved in efficiency of energy dis- .
aipation end atability., This design, however, permitted the development of

“areas of intense turbulence, with sccompanying circulstion of abrasive ma-
. terials. - Also, the ceoter wall was aubjected to fluctuntlng pressures
- -, witich conld result in structural damage due to vibration.' The vasin waa
”modii‘ied by elimioBting the center wall end wedges, reducing the allowable
! maximam dincherge, and paving part of the downstream channel,  The paving
15, necegpary to- prevent streambed material from entering the. medified

B stilling basin, Tests on,the original configuration under various cpera-

ting conﬂitiona, on T '_nropoaed modifications, Bbd on the recommended deaign
“are described., ‘An appendix reviews da.ma.gea reported in cther similar
atilling ba.sins. o S

S

ABSTRACT

Damage which occurred te the hollow-.jet valve outlet vorks. rtilling Pasin

~ at the Wavajo Dam wag dupl:lcﬂted i a 1:12 scelé model. Severe abrasion

damage 1n the upatrea.m portion of the prototype basin probably occurred -
during several months' operation at. approximately 304 valve opening under
245 ft of hesd. Abrasion in the downstream end probably occurred during
operation with 100% valve opening snd about 280 ft of head. Model teats
indiceted the original hollow-Jet valve tasin, with converging wedges and
a center di ‘dding wall, could not be improved in efficlency of energy dia-
sipation #id_ atability. This design, hovever, permitted the development of
a"eaa ‘of intende turbulence, with accompanying circulation of abrasive ma-
terlals, Also, the center “all was sublected to fluctusting pressures
which could result iu atruntural damage due to vibration, The basin weg
modified by elimioating the center wall mnd vedges, reducing the allowable
maximum discharge, aod paving part of the downstream channel, The paving
1s necessary to prevent streambed material from entering the modified

. 8tilling basin. Testa on the original coafiguration under various opera-

tiong conditions, on T proposed modifications, and on the recommended design
are described, An appendix reviews damiges reported in other aimilar
atilling baaing.

ABS'I’RACT

Damage which oceurred to the nollou-Jet valve putlet worka stilling besino

at the Nevajo Dem was duplicated in & 1:12 scale model. Severe abrasion
damage in the upstrea.m portion of the prototype basin probably occiurred
during several montha' cperation at approximately 304 valve opening under
2b5 ft of head. Abresion in the downstream end probably occurred during
operation with 100¢ vslve opening and sbout 280 ft of head. Model tegta .
indicated .the originsl hollow-jet valve basin, with converging wedges cnd
a center dividing wall; could not be improved in efficlency of energy aiss 3,
sipation and stability, This design, however, permitted the development of *)
arens of intengse turbulence, with accompanying cireulation of abrasive ma-
terials. . Also, the center wall was subJected to fluctuating pressures
which could result in structural damage due to vibration. The basln was
modified by eliminating the center wall and wedges, reducing the allowvable

© meximm discharge, &od paving part of the downatream channél. The paving

is necessary to prevent streambed material from entering the modified.
atililing basin. Tests oo the original configuration under various opera-
tiog conditions, on T proposed modifications, and on the recommended design
are deseribed. An appendix roviews damages reported in other similar

. gtilling basins.
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